Abstract -A new gallium nitride (GaN) Schottky device structure suitable for power electronic applications is discussed. A GaN Schottky diode with an ultrathin AlGaN cap layer was fabricated using an Ni/Au metal stack as the Schottky electrode. C-V measurements at various temperatures were used to calculate a barrier height of 0.65 V with a free electron concentration of 5 × 10 15 cm −3 both of which appear temperature independent. A forward conduction model based on a thermionic emission-diffusion process with tunneling through the AlGaN barrier was developed and compared favorably to experimental data. A reverse conduction model utilizing thermionic field emission (TFE) with a triangular energy barrier is presented and then improved upon with a scaling factor that modifies the barrier thickness. This TFE model compares more favorably with the experimental data than the standard thermionic emission model typically used in Schottky diodes. Both the forward conduction and reverse conduction characteristics were assessed at room temperature and elevated temperature. The model can be used to predict how the physical parameters of the device affect its I-V characteristics.
I. INTRODUCTION
T HE increasing demand for renewable energy systems, electric vehicles, electric maritime, and aerospace systems as well as consumer electronics will require more efficient, faster, and smaller power electronic circuits. This is made possible by utilizing wide bandgap semiconductors (WBGs), based on gallium nitride (GaN) and silicon carbide (SiC) as the principle switching components in power conversion circuits. Both GaN and SiC exhibit relatively low conduction losses and low switching losses, even under high-frequency operation [1] - [4] . The efficient high-frequency capability of WBGs enables the use of smaller filter components within the converter, thus leading to increased power density. Of particular importance to power applications is vertical devices, as they can be more economical, particularly for growth on native substrates, and they allow for high current densities [5] - [7] . Recent development of cost effective, low-density defect bulk GaN substrates has led to the fabrication of higher voltage devices. The technique of dry etching and the use of CAVET structures have resulted in vertical transistors with breakdown voltages of 1200 V with an on-resistance of 1.8 m ·cm 2 [8] , and 1500 V with an on-resistance of 2.2 m ·cm 2 [9] . These research efforts have also extended to the development of p-n junction GaN diodes. In [10] - [12] , p-n junction GaN diodes were reported with breakdown voltages approaching 4000 V, but all with turn-on voltages above 3 V. This undesirably high turn-on voltage is because of the large built-in potential in these diodes, which arises because of GaN's wider bandgap. Schottky barrier diodes (SBDs) on the other hand allow for significantly lower turn-on voltages than PN diodes. This is because of the relatively low barrier height in SBDs. This lower barrier height comes at the expense of higher reverse leakage and lower breakdown voltage in SBDs as compared to PN diodes. The ideal device would combine the low turn-on voltage and on-resistance of SBDs with the high blocking voltage of PN diodes. This paper presents a GaN Schottky diode structure which exhibits a low turn-on voltage, small on-resistance, and high reverse breakdown characteristics with low leakage. A physics-based model is developed for both forward and reverse conduction. The characteristics of the device and model are verified at both room temperature and elevated temperatures such as those seen in industrial applications. These models show favorable agreement with experimental data and can thus be used to optimize the fabrication of subsequent devices for particular power electronic applications.
The remainder of this paper is organized as follows: Section II qualitatively describes the diode's design and operation, Section III details the fabrication of the diode and device characterization, and Section IV presents a model of the forward conduction utilizing thermionic emission, diffusion, and tunneling. Section V develops the reverse conduction model employing thermionic emission and thermally-assisted tunneling. Concluding remarks are given in Section VI
II. CONCEPT OF TUNNEL BARRIER SCHOTTKY DIODE
To achieve the goal of developing a low turn-on voltage with improved blocking capability, a novel design was developed, 0018-9383 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. termed here as tunnel barrier Schottky (TBS) diode [13] . The TBS structure is shown in Fig. 1 . An ultrathin layer of AlGaN was grown on top of a drift layer of GaN, and then a Schottky contact was made on the surface of the AlGaN cap. The AlGaN cap serves two functions. First, it produces a polarization field. The polarization field induces additional charge carriers in the near surface region. Second, the AlGaN cap raises the barrier height of the diode which reduces the reverse leakage current and increases the breakdown voltage, at the cost of a slightly higher on-resistance. Normally, the larger barrier height would also have the adverse effect of increasing the turn-on voltage of the diode. This effect is allayed by the cap as well. The thin AlGaN allows for charge carriers to tunnel through it at low forward voltages essentially lowering the turn-on voltage. This process is examined in more depth in Section IV.
III. FABRICATION AND CHARACTERIZATION
Detailed fabrication methods for the structure shown in Fig. 1 have been described previously for a similar device [13] . The device was grown on a GaN substrate with a thickness of 350 μm. Then a 7.5-μm GaN drift layer was grown with an intentional Si doping of 1∼2 × 10 16 cm −3 . Next, a 0.5-μm undoped GaN layer was grown. The 5-nm AlGaN cap layer was graded from 0 to 0.23 mole fraction by linearly increasing the flow of trimethylaluminum. The Schottky contact was made between an Ni/Au metal stack and the AlGaN cap. In order to increase the reverse breakdown voltage, a guardring like structure was necessary for good edge termination. This was accomplished by ion implantation on the edges of the Schottky contact. The Schottky contact then has an anode area of 0.8 × 0.8 mm with an on-resistance of 3.06 m · cm 2 (therefore R s = 478 m ). It should be noted that this particular iteration of the structure is not necessarily optimized for a given performance metric (BV and turn-on) but serves as a point around which a quantitative model can be developed which can then be used for future design considerations.
After fabrication, C-V measurements were performed in order to determine both barrier height and doping concentration with respect to depth. These C-V measurements were taken over a range of temperatures and were used to characterize the device. Fig. 2 shows carrier concentration versus depth, and Fig. 3 shows 1/C 2 versus V which can be used Carrier concentration versus depth extracted from C-V measurements. to determine barrier height. It should be noted that barrier height and doping concentration are not significantly affected by temperature and as such were assumed to be temperature independent for the range of interest in the subsequent models' development. These measurements allow determination of a free electron density N d of 5 × 10 15 cm −3 and a zero-bias barrier height B of 0.65 V [14] , [15] .
The barrier height was also confirmed by temperature dependent I -V measurements which are shown in Fig. 4 . This data is plotted in a Richardson plot in Fig. 5 for fitting. The slope of the Richardson plot is well defined and therefore can be used to extract an accurate B . Calculation of B is accomplished as
where V 1 is the applied bias, n is the ideality factor, k is the Boltzmann's constant, q is the charge of the electron, and T is the temperature [14] . Although the Richardson plot can be used to derive the Richardson constant for a device that derivation is dependent on the main current mechanism being thermionic. As detailed in a subsequent section, this is not true for the device in question. Additionally, any extracted Richardson constant will have significant uncertainty given the large amount of extrapolation necessary to determine the intercept of the graph [14] . Because of this, literature values for GaN's Richardson constant will be used in subsequent sections. Determination of the barrier height is an important parameter to the construction of the device's band structure for forward and reverse conduction.
IV. MODEL OF FORWARD CONDUCTION
Cao et al. [13] have previously reported an expression for charge density ρ of the TBS diode with respect to the conduction direction z based on the Vedgard's law as
where P 1 = 1.182×10 17 , P 2 = 5.223×10 17 , x o is the highest fraction of Al fraction in the AlGaN, t is the thickness of the AlGaN, N d being the active charge carrier density in the GaN drift layer, and z d is depletion depth. Cao et al. [13] have also previously reported an analytical expression for z d as
with
, n is the difference in energy between the GaN's conduction band and fermi level in the drift region, and V a is the applied forward voltage. It should be noted that when t = 0, the expression seen in (3) reduces to the form of z d associated with normal Schottky diodes consisting of only a metal and semiconductor drift region.
The model for forward conduction considers three current mechanisms; namely, thermionic emission, diffusion, and tunneling through the AlGaN barrier. Series resistance losses were also considered. The expression for the current density because of thermionic emission J TE is well known and was applied as shown in the following:
where A * is the effective Richardson constant [15] .
To determine the component of forward current based on diffusion, first a general expression for current density was written as
where E c is the energy of the conduction band and D n is the diffusion coefficient. Under steady-state conditions, the current density J n is independent of z. Therefore, (5) can be integrated using an integration factor as
Applying boundary conditions, (6) can be written as
E c can be linearized for the depletion region. This gives
Equations (4) and (7) can then be combined to write an equation for thermionic emission-diffusion (TED) current. Following the example of first [16] and then [15] , [17] , [18] , the TED current can be written as follows which takes into account series resistance effects:
where A is the contact area of the diode, R s is the series resistance of the diode, and v D is the effective diffusion velocity defined as follows: and v R is the Richardson velocity and is defined as follows [15] :
where m * is the effective mass of electrons in GaN, and N c is the conduction band density of states. When v D >> v R , thermionic emission is the limiting factor for the current, and (9) reduces to the form of (4). For v R >> v D , the diffusion process limits the current flow, and (9) reduces to the form of (7). When the depletion depth of the diode reaches quantum lengths equal to or less than the AlGaN cap thickness, it is possible for electrons to tunnel though the AlGaN barrier. This process is beneficial and intended as it reduces the V on of the diode which is desirable in a power device. Cao et al. [13] have calculated the tunneling probability for forward conduction previously as
whereh is the reduced Planck constant, and * 0 is the effective barrier height for electrons travelling from the drift region into the metal when the depletion width is equal to t (i.e., the GaN drift layer is completely depleted) as shown in Fig. 6 . Using this tunneling probability, the current density because of field emission J FE can be determined [15] 
By combining the contributions from (9) and (13), the forward conduction of the diode was predicted.
Because of the high currents involved, the data measurement does not allow for measurement at resolutions below 100 nA. Despite this, the agreement between the model and the data, both at room temperature (Fig. 7) and high temperature (Fig. 8) , are close utilizing a value of R s of 478 m as calculated by the diode's on-resistance in Section III.
Disagreement at low forward bias is because of the nonideal flat band condition as well as the assumption of a linear E C . The AlGaN still forms a small barrier for electrons because of interface effects. This differs from the flat-band assumption implicit in (3) as it tends to 0. This effect would become insignificant at high forward bias, as all electrons would have sufficient energy to overcome this interfacial barrier. Additionally, solving for the nonlinear E C will improve the diffusion current calculation. Again, at high forward bias, thermionic emission is the main current component, and as such the error introduced by E C in the diffusion component becomes insignificant. Additionally, trap related effects were neglected, which may help to explain any observed error in the model.
V. MODEL OF REVERSE I-V CHARACTERISTIC
The model adopted for the reverse conduction of the device was similarly divided into two components. As seen in Fig. 9 , the reverse conduction had a strong temperature dependence. For this reason, a combination of thermionic emission affected by image force barrier lowering and thermionic field emission (TFE) theory was developed to explain the current profiles. Similar to what is shown in (4), the reverse saturation current because of thermionic emission can be expressed as
In this model, the effects of image force lowering can be accounted for by modifying the zero-bias barrier height B . This will result in a voltage dependent barrier o for electrons moving from the metal to the semiconductor. This is accomplished by the following relationship [15] :
where = B − n − V a . In order to derive the current because of TFE, it is necessary to construct expressions for both the barrier thickness and potential energy with respect to energy E. To accomplish this, a triangular barrier was assumed as shown in Fig. 10 . By using similar triangles, one can write an expression for the barrier thickness with respect to energy z t (E)
Since a triangular barrier is assumed, the device's built-in electric field will change gradually across the depletion region. This allows the application of the Wentzel-Kramer-Brillouin approximation, and as such an expression for V (z) − E can be written based on Fig. 10
Then the tunneling probability (E) can be calculated
To calculate current because of TFE, (16) can be combined and used with (18) and then numerically integrated [15] , [19] where F m and F s are the Fermi-Dirac carrier distributions for the metal and semiconductor, respectively. The TFE model can be further improved by adding a weighting factor η to V a in order to account for a thinner barrier at high reverse voltages compared to what is predicted by a perfectly triangular barrier. This adjustment shown in (20) [with (16) substituted in] will modify the tunneling probability without affecting thermionic emission transport
An η of 1.12 gives good results, especially at 24°C.
The results of the model with a triangular barrier and with a modified barrier are shown at 23.9°C in Fig. 11 and at 81.7°C in Fig. 12 . The modified triangular barrier model compares favorably against contributions from only thermionic emission, both with and without image force effects. The model utilizing a triangular barrier is not as accurate as the model using a modified barrier, but the triangular barrier still shows a significant improvement in predictive accuracy compared to the thermionic emission models. The development of the forward conduction model and reverse conduction models allows for the optimization of fabrication parameters for this diode structure. The adjustment of the thickness of the AlGaN cap t, the grading of the AlGaN cap x o , and the GaN drift layer doping N D especially allows diodes to be designed for particular applications. For example, if a diode with a small turn-on voltage is necessary, t could be reduced, and x o increased which would result in a higher tunneling probability. This design would have to be balanced against the higher leakage current in this case.
VI. CONCLUSION
This paper presents a GaN Schottky diode which utilizes a thin AlGaN layer to reduce its turn-on voltage without significantly compromising its breakdown characteristics. This diode was fabricated and characterized in order to determine its free electron concentration and barrier height. Forward conduction and reverse conduction models were developed and compare favorably to experimental data at both room temperature and elevated temperature.
The reverse conduction model can be improved by a more accurate barrier shape. As the small adjustment in (20) shows, the assumption of a triangular barrier can be modified to improve the model's predictive power as well as account for the reduction in reverse current after high-temperature stress. Application of a more complex barrier shape comes at the cost of additional complexity.
In total, the reverse leakage of a GaN Schottky diode could be reduced by using a thin AlGaN layer to provide drift layer free electrons as compared to simply doping the drift layer. The polarization charge that the AlGaN provides results in a low on-resistance while simultaneously the thin AlGaN barrier allows for tunneling current through the barrier to reduce V on . The device also shows favorable reverse breakdown characteristics. These results provide evidence that GaN Schottky diodes based on this design could be adopted to realize higher current densities and blocking voltages with high efficiency in power electronic systems.
